It is well recognized that stress or glucocorticoids hormones treatment can modulate memory performance in both directions, either impairing or enhancing it. Despite the high number of studies aiming at explaining the effects of glucocorticoids on memory, this has not yet been completely elucidated. Here, we demonstrate that a low daily dose of methylprednisolone (MP, 5 mg/kg, i.p.) administered for 10-days favors aversive memory persistence in adult rats, without any effect on the exploring behavior, locomotor activity, anxiety levels and pain perception. Enhanced performance on the inhibitory avoidance task was correlated with long-term potentiation (LTP), a phenomenon that was strengthen in hippocampal slices of rats injected with MP (5 mg/kg) during 10 days. Additionally, in vitro incubation with MP (30-300 mM) concentration-dependently increased intracellular [Ca 2+ ] i in cultured hippocampal neurons depolarized by KCl (35 mM). In conclusion, a low daily dose of MP for 10 days may promote aversive memory persistence in rats.
Introduction
It is well recognized that stress-related hormones, such as glucocorticoids and epinephrine, can influence both negatively or positively several distinct cognitive processes (McGaugh and Roozendaal, 2002; Rashidy-Pour et al., 2009) .
Emotionally-enriched memories involving limbic structures are the most affected by glucocorticoids and epinephrine (de Quervain et al., 2009) . Mounting evidence shows that acute and pulsatile exposure to glucocorticoids can transiently facilitate learning and memory (Joels et al., 2012; Sarabdjitsingh et al., 2016) . On the other hand, cognitive deficits due to excessive levels of corticosteroids have been observed in chronic diseases or during stressful situations leading to hypersecretion of adrenal glands (Belanoff et al., 2001a; Belanoff et al., 2001b; Losel and Wehling, 2003; Stahn and Buttgereit, 2008) . Likewise, chronic use of glucocorticoids may be deleterious to different types of memory acquisition (Brown et al., 2004; Brunner et al., 2005) and may cause impairments on long-term retrieval processes (Buss et al., 2004) . Evidence also supports the idea that the effects of glucocorticoids largely depend on treatment duration, rhythm of application and dose regimens (Roozendaal et al., 1999) .
Among the therapeutically useful adrenocortical steroids, methylprednisolone (MP) is widely used to suppress the immune system and decrease inflammation in humans (Kajiyama et al., 2010) . The dosing regimens indicated for MP vary significantly (from 15-20 mg to 120 mg) depending on the underlying disease condition and so its side-effects, which are relatively rare but http://dx.doi.org/10.1016/j.brainres.2017.06.007 0006-8993/Ó 2017 Elsevier B.V. All rights reserved. may affect a broad spectrum of organic systems including the central nervous system (Bast et al., 2014; Tauheed et al., 2014 ). Animal studies demonstrate that MP may cause damage of cognitive functions, such as learning and memory, probably due to interference with hippocampal electrophysiological activity; decreases in the number of interneurons in hippocampal CA3 and dentate gyrus have been observed after MP use for brain injury . Several brain regions involved on memory consolidation, such as amygdala, hippocampus and prefrontal cortex, have a considerable amount of glucocorticoid receptors, which function can be enhanced or decreased in parallel to the levels of glucocorticoid hormones (de Quervain et al., 2003; Payne et al., 2007) . The hippocampus is one of the brain regions mostly affected by stressful situations and in this region memory consolidation is complex, mainly because ontogenetic and connectivity differences (Goosens, 2011) . Memory formation in the hippocampus may involve a variety of physiological synaptic plasticity phenomena, which can be electrophysiologically perceived as long-term potentiation (LTP) (Dozmorov et al., 2006) . Strong evidence now exists that post-synaptic calcium elevation initiates LTP (Bliss and Collingridge, 1993) and, thus, calcium can act downstream in signal transduction pathways associated with synaptic plasticity and memory consolidation (Zucker, 1999) .
Glucocorticoids are known to suspend the induction of LTP Maggio and Segal, 2007) . In vivo studies showed that LTP was impaired in the dentate gyrus following stressful conditions (Ahmed et al., 2006; Karst et al., 2005) . Similar results were obtained after application of corticosterone in the CA1 region of hippocampal slices Wiegert et al., 2005) . Glucocorticoids are also known to block synaptic strength and the formation of new synapses between CA3 and CA1 regions in hippocampal slices in culture (Saito et al., 2016) . Contrariwise, low to moderate concentrations of corticosterone may enhance LTP, while its absence significantly impairs LTP induction (Diamond et al., 1992) , suggesting a dose-dependent effect of corticosteroids on the induction of LTP (Joels, 2006) .
Despite the high number of studies aiming at explaining glucocorticoid effects on memory reinforcement, this is not yet completely understood. This is surprising taking into consideration that corticosteroids are used for decades as first line medications for the treatment of chronic inflammatory conditions, autoimmune diseases and severe allergic reactions (Nicolaides et al., 2010; Odermatt and Gumy, 2008) . In the present study, we investigated the effects of methylprednisolone on aversive memory persistence in rodents, as well as on calcium influx and LTP induction in the rat hippocampus.
Results

Behavioral tests
2.1.1. Low dose of MP enhances aversive memory persistence Twenty-four hours after inhibitory avoidance (IA) training (Fig. 1A) , all groups of animals had higher latencies to step-down from the platform compared with the training period (consolidation phase; Fig. 2 test 24 h; P < 0.01). Aversive memory was maintained in all groups of animals 7 days after the IA training (Fig. 2 test 7 d; P < 0.01), but from this time onwards retention of the training was only observed in rats treated with the lower dose (5 mg/kg) of MP (Fig. 2 test 14 d ; P = 0.007 for 5 mg/kg MP dose; P > 0.05 for other groups). Comparing the step-down latencies among groups, the only difference that we found was a higher latency time in the experimental group treated with 5 mg/kg of MP on test day 14 (Fig. 2 test 14 d ; P = 0.04 for saline vs. 5 mg/ kg; P = 0.66 for saline vs. 30 mg/kg; P = 0.02 for 5 mg/kg vs. 30 mg/kg). In the group of animals treated with 30 mg/kg MP the aversive memory performance was paralleled that observed in the control group during the experimental time course (Fig. 2) (Fig. 1A) . Our intention was to evaluate the effect of low and high doses of MP injection on exploratory/locomotor behavior (OF), anxiety levels (EPM), and pain perception (TF) of experimental rats. Table 1 shows that treatment with MP did not affect any of the parameters under evaluation (P > 0.05).
2.2. Treatment of rats with a low dose of MP during ten consecutive days increases long-term potentiation (LTP) in isolated hippocampal slices Synaptic transmission recordings from CA1 pyramidal neurons were elicited by electrical stimulation in the Schaffer collaterals (Fig. 1B) . Since in vivo treatment of rats with a low dose of MP prolongs aversive memory performance, we asked ourselves whether this could translate the plasticity phenomena operated in hippocampal slices in vitro as changes in LTP amplitude. Fig. 3A and B shows that the LTP amplitude was significantly higher in hippocampal slices isolated from rats that have been treated with a low daily dose of MP (5 mg/kg), for 10 days as compared to control, which received saline instead of MP (control group, 185.7 ± 0.24 mV, vs. MP group, 309.3 ± 0.23 mV, n = 6-10 slices/group, P < 0.0001). [Ca +2 ] i levels in cultured neurons of the rat hippocampus
MP concentration-dependently increases
Epifluorescence microscopy was used to monitor intracellular calcium ([Ca 2+ ] i ) dynamics in cells superfused with MP (0.3-300 mM) (Fig. 1C) . MP concentration-dependently increased [Ca 2+ ] i in cultured hippocampal neurons under resting conditions (Fig. 4) . The effect of MP (0.3-300 mM) was significantly higher after neuronal depolarization with KCl (35 mM). In fact, intracellular [Ca 2+ ] i after MP (300 mM) application increased by 1262 ± 30% above the baseline, but it was further enhanced (P < 0.001) to 2194 ± 10% following KCl (35 mM) application (n = 50 cells).
Discussion
In this study we demonstrate that a low daily dose of methylprednisolone (MP, 5 mg/kg, i.p.) for 10-days favors aversive memory persistence in adult rats, without any effect on exploring behavior, locomotor activity, anxiety levels and pain perception. Enhanced performance in the inhibitory avoidance task was accompanied by increases in hippocampal long-term potentiation (LTP), a phenomenon generated in vitro using slices of the hippocampus isolated from rats that have been injected with MP (5 mg/kg, i.p.) during 10 days. Experimental data also show that MP (30-300 mM) causes the rise of intracellular fluorescence [Ca 2+ ] i signals in cultured hippocampal neurons depolarized by KCl (35 mM) in a concentration-dependent manner. Glucocorticoids are well recognized to be crucially involved in the regulation of memory consolidation (de Quervain et al., 2009) . Previous studies have shown that their action can be either beneficial or detrimental to mnemonic processes, depending on very specific conditions: for example, chronic stress states are normally associated with memory impairment, while acute stress is associated with benefits in memory acquisition (de Kloet et al., 1999; Joels et al., 2011; Sandi, 2011) . Furthermore, the effects of glucocorticoids also depend on factors, such as: (i) the rhythm of application and dosage, since their action in memory consolidation considers an inverted U-shape dose-response relationship (Diamond et al., 1992; Joels, 2006) ; and, (ii) the time of application, considering the memory stage, since the effects of it can differ between encoding, consolidation, retrieval and reconsolidation (Vogel and Schwabe, 2016) . In general, moderate doses enhance memory, while higher doses are normally less effective or may even impair memory consolidation (Roozendaal et al., 1999) .
Our results show that daily i.p. treatment with a low dose of MP during 10 days is amenable to induce persistence of aversive memory considering that the animals treated with MP (5 mg/kg) kept higher latencies to step-down from the platform in the IA test during 14 days, while control animals only maintained aversive memory for 7 days. Data show that aversive memory consolidation achieved 24 h after training did not differ among the three groups of tested animals, control (injected with saline) and treated with a low (5 mg/kg) or high (30 mg/kg) dose of MP. Unlike previous studies, we focused our attention to make clear the differences on aversive memory persistence after prolonging the treatment with a low Fig. 1 . Experimental timeline. Male Wistar rats (3-month) were treated with methylprednisolone (MP) for 10 days. A. The behavioral experiments were initiated one day after the end of the treatment. On day 11 after starting saline or MP injections, the animals were submitted to inhibitory avoidance (IA) training. On day 12 the animals were submitted to IA test to evaluate the consolidation of aversive memory (24 h after training) and on days 19 and 26 to evaluate the persistence of aversive memory (7 and 14 days after training). Behavioral control tests (open field, elevated plus maze and tail flick) were performed in each test day. B. The electrophysiological experiments were conducted one day after the end of the treatment. On day 11 after starting saline or MP injections, the animals were deeply anesthetized and decapitated. Brains were removed and individual hippocampal slices were prepared for extracellular electrophysiology recordings. C. Two-day-old Wistar rats of both sexes were used for primary cell cultures used to perform single-cell [Ca 2+ ] i imaging. dose of MP for 10 days. As discussed by McGaugh (2000 McGaugh ( , 2015 enhanced memory persistence is usually the result of mechanisms leading to promotion of consolidation. Considering this, it is legitimate to infer that treatment with a low dose of MP strengthens memory consolidation leading to prolonged IA memory, although no differences between groups were perceived immediately (24 h) after training. Still, our findings corroborate with previous studies indicating a dose-dependent effect of glucocorticoids on memory (Diamond et al., 1992; Joels, 2006; Roozendaal et al., 1999) . Glucocorticoids, via genomic and non-genomic mechanisms, may influence a wide variety of cellular functions, including cell signaling, ion channel properties, as well as cell structure, which may be related to synaptic plasticity and memory consolidation (Bisaz et al., 2009; Karst et al., 2002; Revest et al., 2005) . Longterm potentiation (LTP) is considered the electrophysiological translation of synaptic plasticity phenomena in several brain regions, including the hippocampus (Hidalgo and Arias-Cavieres, 2016) and has been considered to be the basis of long-term memory (LTM) consolidation (Izquierdo et al., 2008) . Data from our study show that following a 10-day treatment with a low dose of MP injected i.p. to living rats favored LTP in slices of their hippocampus. Despite the shortness of the recording time (60 min) on this work, it is clear that MP, in our experimental conditions, interfere positively with memory formation. A longer LTP recording time would unveil if the glucocorticoid activity on central synapses is also involving a positive modulation of quantal parameters, as it does in neuromuscular junctions (Dal Belo et al., 2002) .
Recent findings from another group have shown that animals submitted to acute stress had higher LTP than unstressed control animals (Whitehead et al., 2013) . Additionally, induction of LTP was facilitated when corticosterone (200 nM) or the synthetic glucocorticoid receptor agonist dexamethasone (200 nM) were applied for 30 min before the tetanus (Whitehead et al., 2013) . Differences in the chemical nature and timing of application of the corticosteroid may justify results disparity among our and Whitehead's works. Despite these differences, data from both studies agree that facilitation of LTP caused by corticosteroids takes more than 10 min to occur and, therefore, it is not a rapid process probably by implicating an underlying genomic mechanism in detriment of a faster non-genomic pathway. Unfortunately, in our experimental conditions, we were not able to obtain the inputoutput curves relationship. A more detailed analysis of the fEPSP size using input-output curves taken before and after 10-day treatment of living rats with low-dose MP would bring detailed information about the fiber volley (reflecting the number of fibers activated), the synaptic component of the evoked response (the fEPSP) and the population spike reflecting the number of cells discharged. Future studies with this mind will potentially demonstrate if MP alters the latency and threshold of the fEPSPs, improving the discussion on how corticosteroids can affect hippocampal functioning (Stepan et al., 2012; Segev and Akirav, 2016) .
Corticosteroids can affect calcium homeostasis both in physiological, as well as in pathological conditions, using distinct mechanisms Suwanjang et al., 2013) . For instance, dexamethasone (1 mM) decreases intracellular [Ca 2+ ] i in Ca 2+ -free cultured hypothalamic neurons by activating plasma membrane calcium pumps (PMCA) ] i rises were significantly potentiated upon depolarizing hippocampal neurons with KCl (35 mM). This phenomenon was verified even after washing out the corticoid from the incuba- Table 1 Treatment with MP had no effect on locomotor and exploratory activities, anxiety tests and pain perception. Data are expressed as mean ± SEM of the total time of exploration activities in the open field test (OF), i.e. the number of crossings and rearings, the time spent and the number of entries in the open arms of the elevated plus maze test (EPM), and the time latency for pain perception in the tail flick test (TF) in each test day (1, 7 and 14). There were no statistical significant differences among the 3 groups in any day tested (Kruskal-Wallis test; n = 8-10 per group for all tests). tion medium, meaning that the corticoid may act under these circumstances via an intracellular pathway in order to prime calcium responses to subsequent stimuli. We are aware that these calcium experiments were performed with cultured hippocampal neurons isolated from newborn rats and, therefore, these are hardly comparable to LTP experiments made in hippocampal slices from control adult rats. Notwithstanding this, the results obtained using these two experimental conditions concur to demonstrate that MP increases depolarization-induced synaptic plasticity (LTP) in the hippocampus through a mechanism involving intracellular Ca 2+.
As previously mentioned, intracellular [Ca 2+ ] i rises is a crucial determinant to LTP induction, a phenomena observed in the hippocampus of rats treated during 10 days to low daily doses of MP, who also exhibiting aversive memory persistence. Thus, our results demonstrate that exposure to low doses of MP increases aversive memory persistence and suggest, for the first time, that the cognitive enhancement caused by MP might involve MP effects on Ca 2+ influx that culminates in LTP induction.
Experimental procedure
Experimental animals
Fifty adult male Wistar rats (three months old, 250-280 g) were purchased from the Central vivarium of Federal University of Santa Maria (RS/Brazil) and housed four per cage under controlled light and environmental conditions (12 h light/12 h dark cycle at 23 ± 2°C and 50 ± 10% humidity) with food and water ad libitum. The study was performed according to and approved by the Ethics Committee for Animal Use from Federal University of Pampa, under the protocol number 021/2013. Two-day-old Wistar rats of both sexes were used for primary cell cultures. To this end, pregnant female rats were purchased from the Centre of Biological Experimental Models from the Pontifícia Universidade Católica do Rio Grande do Sul (PUCRS). The animals were kept under an alternate 12 h cycle of light/dark, at a constant 24°C temperature, with access to water and food ad libitum. The newborn rats were kept with the dams until the moment of sacrifice. A total of 12 newborn rats were used to perform cell cultures. The study was performed according to and approved by the Ethics and Research Committee and Ethics Commission in Animal Use from PUCRS, under the protocol number 13/00340. No more than one offspring from each litter and dam were used in these experiments.
All experiments were conducted in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH, 1996) .
Drugs and reagents
Sodium Thiopental (Thiopentax Ò ) was purchased from Cristalia Produtos Químicos Farmacêuticos LTDA (Itapira, SP, Brazil). All other chemicals and reagents employed in the experiments were of the highest purity and were obtained from Sigma, Aldrich, Merck, Invitrogen, and BioRad. Methylprednisolone sodium succinate (MP, Solu-Medrol Ò ) was from Laboratórios Pfizer (São Paulo, SP, Brazil).
Experimental protocols
4.3.1. Behavioral assays To perform behavioral experiments, 30 animals were equally divided into three groups: control, experimental (i) and experimental (ii). The last two groups were treated daily with MP dissolved in saline and administered intraperitoneally (i.p.) at low (5 mg/kg) and high (30 mg/kg) doses, respectively; the treatment was prolonged for 10 consecutive days and was performed every day at 05:00 PM (Kajiyama et al., 2010) . The dose of 5 mg/kg was chosen based on our previous work (Dal Belo et al., 2002; Oliveira et al., 2015) and literature data (Kinali et al., 2002) . The dose of 30 mg/kg was chosen by increasing six times the initial one since there are several examples in literature that this concentration is common in clinics and in the way of testing a higher dose in our experimental model. The rats from the control group received saline instead of MP. At the end of treatment, animals from the different groups were submitted to tests of aversive memory (Fig. 1A/Behavioral experiments) .
4.3.1.1. Handling of animals. Two days before starting behavioral tests, the animals were subjected to two rounds of handling. During each session the animals were transported from the vivarium to the room where the experiments were to be conducted, removed from the cage and handled by the experimenter for 5 min.
4.3.1.2. Inhibitory avoidance task. Inhibitory avoidance (IA) is a commonly used behavioral task to investigate learning and memory processes in rodents (Gold, 1986; McGaugh and Roozendaal, 2009 ). The device used in this study for the inhibitory avoidance task (IA) consisted of a 50.0 Â 25.0 Â 50.0 cm metal box, with an . Asterisks indicate significance differences between groups *** P < 0.0001 when compared to the control group. Data are expressed as mean ± SEM. n = 6-10 slices/group. acrylic made front. The floor of the apparatus consisted of an array of parallel electrified bars with a platform box of 5.0 cm height by 7.0 cm wide placed in the left side of the box. During IA training, rats were carefully placed on the elevated platform and they receive a single aversive foot shock (0.5 mA for 2 s) when stepping down from the platform and all four legs contacted with the electrified bars (Rossato et al., 2009) . After this event, the animals were immediately placed into their housing-boxes. Even though IA training consists of a single trial, the brain processes underlying task acquisition are complex. Rats must encode different pieces of information in order to acquire a correct association between a particular location within the apparatus and the aversive stimulus of foot shock, which involve the hippocampus, the amygdala and the prefrontal cortex. Retention of the training was tested at 24 h and then every week for the next 2 weeks after training by measuring rats' latency to step down from the platform. Longer retention test latencies (compared to training ones) are interpreted as indicating better memory/persistence of memory. (Bonini et al., 2006) . To evaluate anxiety, rats were exposed to an Elevated Plus Maze (EPM). The time spent and the total number of entries into the open and closed arms were recorded over a 5 min session (Pellow et al., 1985) . Finally, to ensure that pain sensitivity did not change upon MP administration, we used the Tail Flick (TF) test (Tjolsen et al., 1989) . For extracellular electrophysiological recordings, individual hippocampal slices from control and low dose methylprednisolone-injected rats (n = 6-10 slices per group) were transferred to a submersion-type recording chamber, which was continuously superfused with oxygenated (95% O 2 plus 5% CO 2 ) ACSF at a flow rate of 3.0 ml/min. Field excitatory postsynaptic potentials (fEPSP) were triggered by electrical stimulation of the Schaffer collaterals with constant-current pulses of 0.2 ms duration delivered every 20 s (0.05 Hz) using a differential alternating current stimulator (Isoflex M.P.I., Israel); the stimulation electrode consisted of a twisted bipolar pair of 75 lm platinum-iridium wires (A-M Systems, Carlsborg, WA, USA). Field EPSPs were recorded extracellularly on the pyramidal layer of the CA1 hippocampal region using an Axoclamp 2-B amplifier (Axon Instruments, Foster City, CA, USA). Field EPSPs were amplified and lowpass filtered at 600 Hz (Cyber Amp 320, Axon Instruments), digitized (Digidata 1322A, Axon Instruments) and recorded on a computer using the Axoscope 9.2 software (Axon Instruments). The amplitude of fEPSPs was measured using the Clampfit 9.2 software (Axon Instruments). Recorded values were normalized on a per recording basis and then plotted as the mean of 2-min time periods (6 fEPSPs) ± S.E.M. corresponding to one to three slices per experimental animal. At the beginning of each recording, an input-output (I/O) curve for the fEPSP amplitude relative to the stimulus intensity was recorded using 50 lA stepwise increases (ranging from 50 to 250 lA) until saturation of the fEPSP amplitude. Current intensity was then adjusted to evoke baseline fEPSP amplitude ranging from 50 to 60% of the maximal fEPSP amplitude obtained by the I/O curve. Baseline responses obtained to 0.05 Hz paired-pulse stimuli (0.2 ms) were recorded for 20 min before the induction of longterm potentiation (LTP). After reaching stable baseline fEPSP recordings, LTP was induced using a high-frequency stimulation (HFS) protocol consisting of four trains of 1 s duration delivered at 100 Hz frequency with an inter-train interval of 20 s. Field EPSPs were monitored for at least 60 min after tetanic stimuli.
4.3.3. Calcium imaging 4.3.3.1. Primary hippocampal neuronal cell cultures. Primary cultures of hippocampal neurons were prepared as described previously (Gan et al., 2011) . Briefly, 1-to 2-day-old Wistar rats were sacrificed by cervical dislocation followed by decapitation. Hippocampi were removed, triturated, and the resulting cell homogenates were plated onto 13-mm cover slips coated with poly-L-lysine at a density of 3 Â 10 5 cells.ml À1 . Cultures were, then, incubated with culture media consisting of Neurobasal-A Medium (Invitrogen, UK) supplemented with 2% (v/v) B-27 (Invitrogen, UK) and 2 mM Lglutamine; hippocampal cell cultures were maintained at 37°C, in a humidified atmosphere with 5% CO 2 for 13-16 days in vitro (DIV). After 5 DIV, cytosine-D-arabinofuranoside (Ara-C, 10 mM) was added to inhibit glial cell proliferation. Single-cell Ca 2+ imaging experiments were performed on cells taken from at least three separate cultures obtained from different rats. ] i imaging. All imaging experiments were performed on a digital epifluorescence imaging system (WinFluor, J. Dempster, University of Strathclyde) mounted on a Nikon Eclipse 2000 microscope using a 20Â objective. Hippocampal neuronal cell cultures were loaded with Fluo-4 AM (5 mM, 45-60 min, room temperature, Invitrogen, UK) prior to experiments. Experiments were performed on cultures continually superfused (1-2 mL min
À1
) with HEPES-buffered saline (HBS) containing (in mM): NaCl 140, KCl 5, MgCl 2 2, CaCl 2 2, HEPES 10, D-glucose 10, pH was adjusted to 7.4 and osmolarity adjusted to 310 mOsm with sucrose if required. All drugs were added via the perfusate. Data were calculated as changes in fluorescence compared to resting conditions and expressed as DF/F 0 .
Statistical analysis
First of all, Shapiro-Wilk test was performed to check the data distribution. For statistical analysis of the inhibitory avoidance task non-parametric tests were used: Wilcoxon test was used to compare training and testing step-down latencies; to compare stepdown latencies in each test day between different groups a Kruskall-Wallis test followed by Dunn's post hoc was used. For control behavioral tasks, a Kruskall-wallis test was used. Data from in vitro experiments were compared using one-way ANOVA followed by Tukey's test as post hoc. Differences were considered significant when P < 0.05.The results are expressed as mean ± SEM.
